Visceral leishmaniasis (VL) is a form of leishmaniasis, which is caused by infection with the protozoan parasite Leishmania, and is often fatal unless it is treated. Rapid and accurate diagnosis of VL is important for effective treatment. Here we report the cloning of previously undescribed tandem repeat (TR) proteins of Leishmania infantum and an evaluation of VL patient antibody responses to the corresponding proteins. By screening an L. infantum expression library with sera from human VL patients or infected hamsters, we identified 43 genes encoding B-cell antigens. Surprisingly, 19 of the 43 genes (44%) were TR proteins, and that percentage was significantly higher than that for genes picked randomly from the database. We then expressed the TR regions of LinJ16.1750, LinJ22.1590, and LinJ33.2870 and the entire LinJ28.2310 protein. These recombinant proteins were all recognized by Sudanese VL patient sera in an enzyme-linked immunosorbent assay. Recombinant LinJ16.1750 (rLinJ16.1750) showed the best performance among these antigens in terms of both sensitivity and specificity. Serological evaluation revealed that 97% (34 of 35) of Sudanese VL patients had significantly elevated antibody levels to rLinJ16.1750. Furthermore, when eight of the patient sera which had low reactivities to rK39 were tested with the novel recombinant antigens, some of the sera showed stronger antibody responses to these antigens than to rK39. Our results suggest that TR regions from the novel L. infantum proteins identified in this study are immunodominant B-cell epitopes and may represent good candidates for serodiagnosis of VL.
The leishmaniases are a spectrum of diseases caused by protozoan parasites of the genus Leishmania. The parasites are transmitted by the bites of sandflies, and the infecting promastigotes differentiate into and replicate as amastigotes within macrophages in the vertebrate host. Clinical manifestations range from self-healing skin lesions to diffuse cutaneous and mucosal manifestations or severe visceral manifestations. Visceral leishmaniasis (VL), also known as kala-azar, is generally caused by Leishmania infantum in the Mediterranean region, by the same parasite, known as L. chagasi, in South America, and by L. donovani in India and Africa. Acute VL includes disorders of hematologic and hepatosplenic functions and is often fatal unless treated. Thus, a rapid and accurate diagnosis is necessary for effective treatment of this lethal disease.
The diagnosis of VL cannot always be made on the basis of only clinical symptoms because VL shares its clinical features with other diseases, such as malaria, typhoid fever, and tuberculosis, occurring commonly in the same areas of endemicity. Thus, the diagnosis of VL largely relies on parasitological and serological methods (16, 22, 26) . The former include microscopic detection of amastigotes in aspirates of spleen and bone marrow and detection of promastigotes through cultivation of the aspirates. However, these methods are invasive, time-consuming, and not sufficiently sensitive, rendering them inefficient. Methods for serological diagnosis, including a direct agglutination test (14) , immunofluorescent antibody test (3), enzyme-linked immunosorbent assay (ELISA) (17) , and immunochromatographic strip test (24) , are often more sensitive than invasive parasitological diagnostic methods. Also, serological diagnostic methods are more rapid and user-friendly than parasitological methods. However, the choice of antigens seems to be important because the usage of crude antigens or whole parasites often results in a low specificity in detecting disease-specific antileishmanial antibody (21) . Thus, the discovery of antigens is necessary for more accurate diagnosis of VL.
Among defined leishmanial antigens reported previously, rK39 appears to be the best antigen for serodiagnosis of VL in terms of both sensitivity and specificity (9, 19) . rK39 is sensitive and reliable, even in a strip format which is feasible for field use, and the rK39 strip test has 100% sensitivity in India, Nepal, and Brazil (6, 10, 11, 24, 25) . In Sudan, however, the sensitivity of the strip test falls to 67%, and the negative responses on the strip test appear to correlate with lower reactivities by ELISA (28) . Thus, new diagnostic antigens are needed to complement rK39 to contribute to the development of more accurate diagnosis of Sudanese VL.
Tandem repeats (TR), which consist of two or more copies of a pattern of nucleotides, have been found in many protozoan parasites, including Plasmodium. These repetitive domains are often B-cell epitopes (12, 23) . In leishmaniasis, rK39, the most reliable antigen for serodiagnosis of VL, is also a TR protein (9) . Other TR proteins have also been reported as candidates for serodiagnosis of leishmaniasis (8, 13, 15) . However, because only a few TR antigens have been identified previously, there is still no consensus that TR proteins are more antigenic than non-TR proteins in VL. Thus, we hypothesized that TR proteins are more antigenic than non-TR proteins and are preferentially recognized by VL patient sera.
To address this hypothesis, we serologically screened an L.
infantum expression library and processed the identified genes by a TR gene analysis program. As a result of the screening, we identified 43 genes encoding B-cell antigens, and surprisingly, 44% of the identified genes (19/43) encoded TR proteins. This percentage is significantly higher than that found for genes picked from the database randomly (0/108). Taken together, the results of this study provide the first evidence that leishmanial TR proteins have a greater potential to be B-cell antigens than do non-TR proteins, indicating that they are a promising resource for novel antigens for serodiagnosis of VL. In addition, the recombinant antigens used in this study were recognized by Sudanese VL patient sera which had low reactivities to rK39, suggesting their usefulness for more accurate diagnosis of Sudanese VL by complementing rK39.
MATERIALS AND METHODS
Parasites and infection of hamsters. L. infantum, L. donovani, L. major, L. amazonensis, and Trypanosoma cruzi were used in this study. Hamsters were infected intracardially with 1 ϫ 10 7 L. infantum promastigotes in stationary phase. After 8 to 12 weeks, the infected hamsters were sacrificed, and the sera were collected.
Patient sera. Sudanese VL patient sera were collected from patients with active disease that was diagnosed clinically and proven parasitologically. Sera from patients with cutaneous leishmaniasis (CL) (Brazil), tuberculosis (United States), and malaria (Brazil) were collected from well-characterized patients, with parasitological diagnosis (cutaneous leishmaniasis and malaria) or culturepositive diagnosis (tuberculosis). Normal sera were obtained from healthy individuals in the United States.
Serological screening of L. infantum expression library. Construction and screening of the L. infantum library were performed as reported previously (18) . In brief, total DNA from L. infantum was randomly sheared by sonication to an average size of ϳ2 kb, blunt ended with T4 DNA polymerase, and treated by the addition of EcoRI adaptors. The inserts were subsequently ligated into the ZAP Express vector predigested with EcoRI (Stratagene, La Jolla, CA) and were packaged using Gigapack III Gold packaging extract (Stratagene). The phage library was amplified and then screened according to the manufacturer's instructions with pooled L. infantum-infected hamster sera or the pooled Sudanese VL patient sera described above. Approximately 5 ϫ 10 5 plaques were screened by using the sera at a dilution of 1:100, and immunoreactive plaques were detected with alkaline phosphatase-conjugated goat anti-hamster immunoglobulin G or goat anti-human immunoglobulin G (KPL, Gaithersburg, MD) and the substrate 5-bromo-4-chloro-3-indolylphosphate/nitroblue tetrazolium (BCIP/NBT; KPL). pBK-cytomegalovirus phagemid vectors were excised from the immunoreactive phage clones according to the manufacturer's protocol. The inserts were sequenced and analyzed using the Leishmania infantum gene database (GeneDB [www.genedb.org]; The Wellcome Trust Sanger Institute).
TR gene analysis. The genes identified by screening were analyzed to determine whether they are TR genes. Tandem Repeats Finder (http://tandem.bu.edu /trf/trf.html), a program used to locate and display TR in DNA sequences, was used for this analysis (5) . As a control for the screened genes, 108 genes which were randomly picked from the L. infantum gene database were also analyzed for the presence of TR motifs. The program calculates a score according to the nature of TR genes, such as the period size of the repeat, the number of copies aligned with the consensus pattern, and the percentage of matches between adjacent copies overall. In this study, the genes were regarded as TR genes if the scores from the Tandem Repeats Finder analysis were higher than 500, thus excluding genes containing small TR motifs, such as LinJ01.0470 and LinJ13.0810 (Table 1) .
PCR analysis and cloning of TR genes. The TR sequences of LinJ16.1750, LinJ22.1590, and LinJ33.2870 were amplified by PCR, using primers corresponding to both ends of a single copy of the TR (primer sequences are shown in Table 2 ). The entire gene sequence of LinJ28.2310 was amplified by PCR, and the primers used for this reaction are also shown in Table 2 . To analyze whether these genes are conserved among Leishmania species, total DNAs of L. infantum, L. donovani, L. major, L. amazonensis, and Trypanosoma cruzi were used as templates. As a control, a T. cruzi gene (GenBank accession no. XM_810936) was amplified by PCR, using L. infantum and Trypanosoma cruzi DNAs as templates (primer sequences are given in Table 2 ). For cloning of the genes to produce recombinant proteins, L. infantum total DNA was used as a template for PCR.
Expression of recombinant proteins. The PCR product corresponding to two copies of the LinJ16.1750 repeat (LinJ16.1750r2), three copies of the LinJ22.1590 repeat (LinJ22.1590r3), a copy of the LinJ33.2870 repeat (LinJ33.2870r1), or the entire gene of LinJ28.2310 was inserted into the NdeI/ BamHI or NdeI/EcoRI sites of pET28 vector. The sequences of the inserts were then analyzed. These pET28 vectors were transformed into Escherichia coli Rosetta for expression of the recombinant proteins. Expression of the recombinant proteins was induced by cultivation with 1 M isopropyl-␤-D-thiogalactopyranoside. The recombinant proteins were then purified as six-His-tagged proteins by using Ni-nitrilotriacetic acid agarose (QIAGEN Inc., Valencia, CA). The purity of the proteins was assessed by Coomassie blue staining following sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
ELISA. rLinJ16.1750r2, rLinJ22.1590r3, rLinJ28.2310r1, rLinJ33.2870, rK39, and L. infantum promastigote soluble lysate antigen (LiSLA) were diluted in ELISA coating buffer, and 96-well plates were coated with rLinJ16.1750r2, rLinJ22.1590r3, rLinJ28.2310, rLinJ33.2870r1 (200 ng [each]), rK39 (50 ng), or LiSLA (1 g), followed by blocking with phosphate-buffered saline containing 0.05% Tween 20 and 1% bovine serum albumin. The plates were then incubated with patient sera (diluted 1:100) as well as healthy controls and then with horseradish peroxidase-conjugated protein G (Zymed Laboratories, South San Francisco, CA). The plates were developed with tetramethylbenzidine peroxidase substrate (KPL) and read by a microplate reader at a 450-nm wavelength.
RESULTS
High prevalence of TR genes in serologically screened genes. Pooled sera from L. infantum-infected hamsters or Sudanese VL patients were used to screen an L. infantum expression library. A half-million plaques covering approximately eight L. infantum genomic equivalents were screened. pBK-CMV phagemids were excised from positive clones, and the inserts were sequenced and analyzed using GeneDB. A total of 43 genes were identified as genes encoding B-cell antigens ( Table 1) . Some of the genes encoded previously identified antigens, such as HSP70 and K39 (9, 20) , but most of them encoded previously unidentified antigens.
The genes identified by screening were then analyzed by Tandem Repeats Finder. In this study, a gene was regarded as a TR gene if the score from the analysis was 500 or higher, thereby excluding genes containing small TR domains. Of the 43 genes identified by the serological screening, 19 genes were identified as TR genes (Table 1) . For example, LinJ16.1750 contained 8.7 copies of a 219-bp sequence, and LinJ28.3170 contained 23.4 copies of a 60-bp sequence. With the exception of LinJ14.1160 (known as rK39), these genes were newly identified as genes encoding B-cell antigens. One hundred eight genes which were picked randomly from the database (three genes from each chromosome) were also analyzed with Tandem Repeats Finder to compare the prevalence of TR genes with that among the genes identified by screening. In contrast to the screened genes, no TR genes were found in the 108 randomly picked genes.
PCR analyses of TR genes. PCR amplifications were performed with total DNAs from Leishmania species and T. cruzi to analyze whether or not TR genes were conserved among these parasites. Using sets of primers specific for the TR domains of LinJ16.1750 and LinJ22.1590, the PCR products showed ladder bands corresponding to one or multiple copies of the repeats (Fig. 1) . These genes were conserved among Leishmania species, as similar band patterns were observed among all four Leishmania species tested. When primers for the TR domains of LinJ33.2870 were used, the PCR products also showed bands whose sizes corresponded to one or two copies of the repeat in three Leishmania species but not in L. amazonensis (Fig. 1) . When primers for the whole gene of LinJ33.2870 were used, a 1.5-kb band was found for L. infantum and L. donovani, and bands of 2.1 kb and 1.8 kb were found for L. major and L. amazonensis, respectively. In all cases, no bands were found for PCRs using T. cruzi DNA. In contrast, a single band with an expected size was found for T. cruzi, but not L. infantum, when primers for a T. cruzi gene (Fig. 2) .
We then examined the prevalence of antibodies to the recombinant proteins in a preliminary screen of 10 Sudanese VL patient sera by ELISA. The VL patient sera showed significantly stronger reactivities to all of the recombinant proteins than did sera from non-VL groups, i.e., tuberculosis, malaria, and cutaneous leishmaniasis patients or healthy individuals, despite the finding that cutaneous leishmaniasis patients showed antibody responses to LiSLA (Fig. 3) . Among the tested proteins, rLinJ16.1750r2 was the best antigen, as it was recognized strongly by VL patient sera with a high degree of specificity. We then tested rLinJ16.1750r2 with additional Sudanese VL patient sera. Among 35 sera tested, 34 showed antibody responses to rLinJ16.1750r2 (the cutoff value was the mean ϩ 3 standard deviations [SD] of healthy control values) (Fig. 4A) .
The sensitivity using rLinJ16.1750r2 was 97%, which is comparable to that of rK39 (35/35 [100%]) (Fig. 4A) . Mean optical densities (ODs) for rLinJ16.1750r2 and rK39 were 1.159 and 1.771, respectively.
Although these 35 sera were 100% positive for a response to rK39, 8 sera showed low reactivities to rK39 (OD values of Ͻ1.0) (Fig. 4A) . These eight samples were tested for reactivity to rLinJ16.1750r2, rLinJ22.1590r3, rLinJ28.2310, and rLinJ33.2870r1 to examine whether or not these antigens could complement rK39 for more sensitive antibody detection. Five of the eight sera showed better responses to the new antigens than to rK39 (no. 3 to 7 in Fig. 4B ). Five patients (no. 3 to 7) showed better responses to rLinJ22.1590r3, four (no. 4 to 7) showed better responses to rLinJ28.2310, and three (no. 3, 5, and 6) showed better responses to rLinJ33.2870r1. rLinJ22. 1590r3 was recognized weakly by all eight sera compared to the rK39 responses.
DISCUSSION
In this study, we identified L. infantum proteins for serodiagnosis of VL and showed a high prevalence of TR genes in the screened antigens. To date, there have been only a few TR proteins reported as antigens for serodiagnosis of VL. Because those antigens were reported individually, there was still not a consensus that TR proteins are more antigenic than non-TR proteins in VL. In contrast, our approach in this study was directed toward elucidating the immunodominance of TR proteins, using a combination of mass screening and a program analysis. We chose L. infantum as a source of total DNA for library construction because L. infantum is the only species of the L. donovani complex for which genome data are available from the Leishmania genome projects through Gene DB and because this organism, considered to be identical to L. chagasi, is the most widely occurring of the complex. By serological screening of an L. infantum expression library, we identified 43 genes encoding B-cell antigens. It is intriguing that these genes encode many previously unidentified antigens as well as HSP70 and K39 (9, 23) . But it is more intriguing that 44% of the screened genes encode TR proteins and that this percentage is significantly higher than that for genes picked randomly from the database. These findings suggest that TR proteins are more potent as immunodominant B-cell antigens recognized by VL patient sera than are non-TR proteins.
The immunodominance of TR antigens may be derived from their multiple identical epitopes. Also, the accessibility of TR domains on the surface of the protein may also be important for detection by antibodies (7) . Most of the TR antigens identified in this study are strongly acidic or basic and rich in hydrophilic amino acids. In addition, the repetitive regions generally comprise large portions of the entire proteins. These features of TR proteins may contribute to their strong B-cell antigenicities. At the same time, though, it is still possible that the high prevalence of TR domains in the screened genes is because we chose a randomly sheared L. infantum total DNA library for screening instead of a cDNA library. We used a total DNA library because a cDNA library has a bias toward expression of each gene at the mRNA level. Although a total DNA library should not have such a bias, the existence of multiple copies of TR sequences results in an increased frequency of identical serological epitopes in the library compared to non-TR genes. Thus, it is suggested that large TR genes have a greater tendency to be detected by serological screening of a genomic DNA library than do small, non-TR genes. This may explain why TR antigens have been identified by the use of genomic libraries in this and previous studies (8, 9, 13) and, in contrast, why other groups have picked up highly expressed proteins, such as heat shock proteins, by serological screening using cDNA libraries (1, 2, 20, 27) .
Although such biases may influence the high prevalence of TR genes in the screened genes, the results of the screening indicate that repetitive regions of the TR antigens include B-cell epitopes. We found that inserts of the phage clones picked up as TR antigens encoded repetitive regions of the antigens. For example, LinJ22.1590 was identified six times during the screening. Although those clones had different patterns of insertion, all of the inserts contained the repetitive regions, and no clones encoding only the nonrepetitive regions were found. We used randomly sheared L. infantum total DNA to construct the expression library. Thus, there should be phage clones containing not only repetitive regions but also nonrepetitive regions of the TR antigens in the library. Taken together, these findings indicate stronger B-cell antigenicities of the repetitive regions of the TR proteins than of nonrepetitive regions.
The high prevalence of antibodies to the repeat domains of the TR antigens in VL patients was confirmed by ELISAs using the recombinant proteins. We expressed recombinant antigens containing only partial repetitive regions of LinJ16.1750, LinJ22. 1590, and LinJ33.2870 and tested these by ELISA, using Sudanese VL patient sera. These recombinants were recognized strongly and specifically by VL patient sera, and no or very low reactivities were observed for malaria and tuberculosis patients, who share similar clinical features with VL patients. We also showed that these recombinant TR antigens are capable of compensating for low reactivities of Sudanese VL patient sera to rK39. Among defined leishmanial antigens reported previously, K39 seems to be the best antigen for serodiagnosis of VL in terms of both sensitivity and specificity (19) . rK39 is sensitive and reliable, even in a strip format adapted for field use, and the strip test has at or near 100% sensitivity in India, Nepal, and Brazil (6, 10, 11, 24, 25) . In Sudan, however, the sensitivity of the strip test is lower, and the negative responses on the strip test appear to correlate with low reactivities by ELISA (28) . With ELISA, there is a clear-cut difference in reactivities to rK39 between Indian VL patients and healthy controls (4), whereas Sudanese VL patients show a wide range of reactivities. Thus, additional antigens reactive to Sudanese VL patient sera could assist in more accurate diagnosis of VL in both ELISA and strip test formats.
In this study, we demonstrated that novel TR antigens were recognized by patient sera, even those possessing weak reactivities to rK39. Our data suggest that these antigens in combination with rK39 may lead to the production of more accurate diagnostic tests for VL in Sudan and other regions of Africa. We are now evaluating antigen combinations to achieve maximal sensitivity and specificity for serodiagnosis of African VL. Indeed, a mixture of rLinJ16.1750r2 and rK39 seems to be better than rK39 alone. We found that using a mixture of these antigens in ELISA increased the reactivities of Sudanese VL patient sera compared to those using rK39 alone without increasing OD values for healthy controls (data not shown).
In conclusion, we have identified a number of L. infantum TR genes as B-cell antigens. In addition, we have demonstrated that repetitive domains of the TR proteins are strong serological antigens and that these proteins are useful for serodiagnosis of VL. We are currently using the bioinformatic approach to find more TR genes. This effort should lead to the discovery of new antigens for more accurate serodiagnosis of VL.
